Sex is believed to have evolved as a mechanism to break apart and recombine genetic material (Michod and Levin 1988) . The exchange of DNA between homologous chromosomes by meiotic recombination proves to be an ancient and ubiquitous process among eukaryotes, suggesting the fundamental importance of recombinant sex to many groups of organisms. Although recombination is a ubiquitous process, the evolutionary advantages are elusive (Otto and Lenormand 2002) . Mixing genes with another individual is a risky endeavor that involves costs of mating and sexual reproduction when compared with asexual reproduction (Michod and Levin 1988) . The advantages of meiotic recombination are difficult to understand, as they disrupt allelic associations already tested and proven by natural selection.
Mechanistic explanations of meiotic recombination posit that the narrow range of chiasmata per chromosome per meiosis (on average 1.56) over a wide range of different taxa is consistent with an important role in stabilizing pairs of chromosomes during meiosis (Baker et al. 1976 ). In addition, multiple sequence characteristics are known to be associated with recombination that could be a cause or consequence of recombination (Jensen-Seaman et al. 2004) . Alternatively, evolutionary explanationsconsider the selective advantages of recombination (Otto and Lenormand 2002) . For example, selection is more effective when the fates of alleles at different loci are uncoupled by recombination (Hill and Robertson 1966; Barton and Otto 2005) .
Two characteristics that may shed more light on the mechanistic or evolutionary advantage(s) of recombination are that recombination rates (recombination events per physical distance) vary across species and within genomes (Nachman 2002; JensenSeaman et al. 2004) . Linkage mapping in the honey bee (Apis mellifera) showed that this species has an unusually high meiotic recombination rate, on the order of 10-fold higher than that of Drosophila and other genetic model systems (Supplemental Table  1 ; Hunt and Page Jr. 1995; Solignac et al. 2004 ). The genomewide recombination rate of the bee is several-fold higher than that reported for any other higher eukaryote, but in the range of some fungi.
With the first draft of the honey bee genome (The Honey Bee Genome Sequencing Consortium 2006) and the increased number of genetic markers used in this study, we are now in the position to analyze this exceptionally high rate in greater detail.
In this study, we analyze the distribution of recombination across the genome to evaluate whether this high rate is a genome-wide phenomenon or limited to specific regions associated with structural properties of chromosomes, or possibly the result of selection for recombination in specific regions of the genome. We analyze chromosome, DNA sequence, gene characteristics, and nucleotide polymorphism in a natural population as potentially informative identifiers of the causes and consequences of the heterogeneity in recombination. We discuss these results with respect to patterns found in other studied organisms that have much lower genome-wide recombination.
Results

Genome-wide distribution
With the availability of improved genetic maps, we first analyzed the distribution of recombination rates throughout the genome. The genetic map used for genome assembly 3.1 spans 4553 cM, with a physical size of 238 Mb. Thus, the average genome-wide recombination rate is 19 cM/Mb, which is several times higher than that of Drosophila (1.59 cM/Mb), mouse (0.56 cM/Mb), human (1.22 cM/Mb), and various other animal species (Supplemental Table 1 ). Local recombination rates along chromosomes were estimated by comparing genetic distances (cM) between markers to physical distance (Mb) in 250-and 125-kb nonoverlapping windows. Estimates of genetic distance were integrated from 1500 new genetic markers and two independent genetic maps, one based on 1100 AFLP and RAPD markers (of which 300 were cloned and anchored to the sequence), and a microsatellite map consisting of 2000 markers. The genetic maps are relatively marker dense, with an average of around one marker per 100 kb. The resolution varies between maps and regions and is based on an average of more than 100 meioses from single females. The analyses of windows required relatively long stretches of sequence, with the requirements of (1) using scaffolds over 125 kb long, (2) containing at least two genetic markers, and (3) containing no more than 10% undetermined nucleotide sequence in the 125-kb window. Half of the sequence falls into scaffolds. The sequence analyzed spans 73 Mb and comprises about one-third of the genome.
Bees display significantly more within genome variation in local recombination rate (average 28.6 ‫ע‬ 19 [kb/cM] for 125-kb windows) than previously reported for human (Yu et al. 2001) , Drosophila melanogaster, and Caenorhabditis elegans ( Table 1) . The proportion of the surveyed region with relatively low recombination (0-5 cM/Mb) is about 9%, similar to the amount found within the genome of flies and humans, and similar to recombination activity in the majority of the worm genome. We identified 12% of the sequences in which the recombination rate is >50 cM/Mb, the highest estimate being 143 cM/Mb. This part of the genome has 10-fold higher recombination than the highest estimates in humans or the fly. The very large differences of local recombination rates in the honey bee genome have important consequences for defining genomic regions of naturally occurring traits by co-segregation or association studies.
Chromosome parameters
Recombination rate is not related to the physical size of chromosomes. Little variation in rate is seen among the 16 honey bee chromosomes (Table 2 ). Chromosome 1 is twice the size of other chromosomes (25.7 Mb) and has an intermediate rate (23.9 cM/ Mb), while the medium-sized chromosomes 4 (10.8 Mb) and 8 (11.5 Mb) have the highest and lowest rates, 27.6 cM/Mb and 20.9 cM/Mb, respectively. Chromosome 16 is about half the size of medium-sized chromosomes (6.2 Mb), yet has an intermediate recombination rate (22.8 cM/Mb). There is no correlation between chromosome size and chromosome recombination rate (r = ‫;42.0מ‬ n = 16; P > 0.37). In many species including mice, rats, and humans, recombination rates vary substantially between chromosomes and there is a strong negative relationship between chromosome size and chromosome recombination rate (Hunt and Page Jr. 1995; Jensen-Seaman et al. 2004) . Honey bees do not show this relationship. Moreover, honey bees show no relationship between recombination and position of the centromere (Table 2) . Metacentric, acrocentric, and submetacentric chromosomes (Beye and Moritz 1995) all have the same average recombination rate. The rather uniform average frequency of chiasmata per chromosome pair (average = 1.56) over a wide variety of taxa suggests (Otto and Lenormand 2002) that recombination plays an important role in stabilizing pairs of homologous chromosomes during meiosis (Baker et al. 1976 ). However, bees exhibit substantially more recombination events per chromosome per meiosis (5.7) compared with the average.
Recombination rates are reduced near the centromere (Table  3 ) but increase toward the telomere, a finding consistent with previous studies of human, mouse, rat, C. elegans, and D. melanogaster, which display comparatively lower genome-wide recombination (Hey and Kliman 2002; Jensen-Seaman et al. 2004; Prachumwat et al. 2004) . Scatter plots of local recombination rate versus physical distance for each of the 16 chromosomes (Supplemental Fig. 1 ) support the above notion of a relationship between local recombination activity and chromosome position. Chromosome 1 is a metacentric chromosome. Twelve of the remaining ones are acrocentric chromosomes while two of them are metacentric chromosomes (Beye and Moritz 1995) . Despite these differences in structure, the chromosomes all share a similar average recombination rate.
Moreover, the scatter plots show the high heterogeneity of recombination rate across these chromosomes.
Sequence parameters
In order to shed light on the factors affecting the patterns of recombination, we looked for correlations between local recombination rates and sequence and gene-specific parameters (Table 3) . Among the sequence variables, GC content, the proportion of simple repeats, and the proportion of low-complexity sequences display a correlation with recombination, with GC content being the strongest correlate. Regions of higher recombination have higher GC content and exhibit more simple repeats, but have a lower proportion of low-complexity sequences that are more often found in AT-rich, low-recombining regions. GC content, the proportion of simple repeats, and the proportion of low-complexity sequences all co-vary. Partial correlation analysis indicates that the relationship between recombination and GC content still holds even if the proportion of simple repeats (r = 0.37, P < 0.01) and low-complexity sequences (r = 0.32, P < 0.01) are controlled for. This relationship is consistent with that found in the fly, mouse, and human (Hey and Kliman 2002; Jensen-Seaman et al. 2004) . Another correlate of recombination is the fraction of windows containing simple repeats. The proportion of simple repeats is also associated with higher recombination in the human, rat, and mouse genomes (Yu et al. 2001; Jensen-Seaman et al. 2004 ).
Gene parameters
Among gene parameters, the distance between genes positively correlates with recombination rate (Table 3) . However, no correlation was found with gene density. Thus, genes in regions of low recombination appear to be on average larger. This could be due to an increased intron length, an increase in the length of coding regions, or both. Intron length displays a negative trend with recombination rate while exon length shows the opposite, but both relationships are nonsignificant (Table 3) . Thus, larger genes in regions of low recombination may be due to larger introns. A negative correlation between intron length and recombination rate has been reported for Drosophila and humans Kreitman 2000, 2002) . However, analysis of intron length in Caenorhabditis showed an opposite pattern, mainly due to an increased presence of transposable element insertions in regions of high recombination (Prachumwat et al. 2004) . Although the genes of the bee genome are confident predictions, future annotations will improve the analysis and reduce the variance created by incorrect intron and exon definitions.
Too few transposons are present (11 that map into scaffolds) (Honey Bee Genome Sequencing Consortium 2006) to adequately assess any putative effect on recombination.
To assess the relationship of recombination with evolutionary rate on a broad scale, the best homology score of an annotated gene to the nonredundant protein database at the National Center for Biotechnology Information (NCBI) was taken as an estimate of divergence. The genes showing the greatest divergence (top third) demonstrated no pattern with respect to recombination rate (Table 3 ), suggesting that recombination rate and evolutionary rates of this class of genes (typically representing evolutionary distances of >300 million years [Myr]) are not correlated.
Nucleotide polymorphism
Next, we investigated the relationship between nucleotide diversity and recombination in a natural population by surveying polymorphism at loci that vary by nearly two orders of magnitude in their local recombination rate. There is a positive trend between nucleotide diversity and recombination at 13 loci (introns) spanning rates of recombination from zero to >70 cM/Mb, but no significant correlation ( Fig. 1 ; r = 0.32, P = 0.28). Divergence between A. mellifera and a closely related outgroup, A. cerana, at these same loci (average = 6.4%) displays no correlation (r = 0.06, P = 0.86).
Discussion
The analysis of the honey bee genome shows that the high recombination rate is a genome-wide phenomenon and is not restricted to certain regions of chromosomes or specific chromosomes (Tables 2, 3 ). The recombination rate, however, varies substantially more (by two orders of magnitude) than that in humans, D. melanogaster, and C. elegans (Table 1 ).
The sequence analysis shows that GC content, simple repeats, and low-complexity sequences are associated with recombination rate. The relationship between GC content and recombination is consistent with that found in the fly, mouse, and human (Hey and Kliman 2002; Jensen-Seaman et al. 2004) , suggesting a common cause or consequence of recombination. The basis of the relationship between GC content and recombination rate remains unresolved, but accumulating evidence suggests that recombination leads to GC-biased gene conversion (Birdsell 2002; Montoya-Burgos et al. 2003) . Bees have a lower genome- 
wide GC content relative to Drosophila and Anopheles (The Honey Bee Genome Sequencing Consortium 2006). Higher GC content correlates with higher recombination, thus the lower GC content is unlikely to be responsible for higher recombination in the bee. The relationship between the proportion of simple repeats and higher recombination rate in the bee genome has been documented in several mammalian species as well (Yu et al. 2001; Jensen-Seaman et al. 2004) , with the exception of some sequence-specific repeats. Simple repeats could mechanistically facilitate recombination, or, alternatively, recombination itself may increase their abundance by non-homologous recombination.
Too few transposons could be included in the analysis to assess their effect on recombination. Although transposons are underrepresented in this analysis (they are less often assembled into larger sequences and are thus more often excluded in the recombination analysis), there are very few transposons in the honey bee genome as a whole when compared with other genomes (The Honey Bee Genome Sequencing Consortium 2006). Almost all transposons identified in the bee genome are members of the mariner family, with ∼360 copies in the genome. Other common types of transposons and retrotransposons are largely absent from the honey bee genome. It is possible that the high recombination rate enables a more efficient removal of deleterious insertions. Alternatively, deleterious insertions that are recessive in nature may be more efficiently purged when exposed to selection in haploid males, though these two explanations are not mutually exclusive.
We find no relationship between recombination and the evolutionary rate of proteins. Previous studies have shown that protein adaptation is influenced by the local recombination rate (Betancourt and Presgraves 2002; Presgraves 2005) . However, these studies compare close relatives of Drosophila. In our analysis the evolutionary distances are likely too large (evolutionary distances of >300 Myr) to detect such a pattern (i.e., small differences in protein evolution that have occurred in the last 60 Myr in which the high recombination has evolved are masked). Comparative analysis suggests that the high recombination rate of the honey bee has evolved over the last 60 Myr after the split from a common ancestor of the bumble bee (see below).
On average we find 5.7 chiasmata per chromosome pair during meiosis, setting the honey bee genome apart from previously studied, low-recombining genomes. The constant number of 1.56 chiasmata over a wide range of taxa suggests that recombination plays an important role in stabilizing pairs of chromosomes during meiosis (Baker et al. 1976) . It is notable that the 5.7 chiasmata per chromosome is the lower bound estimate of the honey bee genome as not all chiasmata lead to DNA exchange. This difference extends to closer relatives such as the bumble bee (1.2) and fruit fly (1.4) (Supplemental Table 1 ). The substantial increase above 1.56 chiasmata suggests that at least a portion of this activity evolved independently of a possible stabilizing role of chiasmata during homologous chromosome pairing.
Genes in regions of low recombination appear to be on average larger, which could, at least partially, be explained by an increased intron length, although this trend is not significant in our analysis. A negative correlation between intron size and recombination rate has been reported for Drosophila and humans Kreitman 2000, 2002) . Carvalho and Clark (1999) posit that insertions in introns are slightly deleterious, and the efficacy of selection to remove these deleterious insertions is reduced in regions of low recombination. Alternatively, Comeron and Kreitman (2000) argue that longer intervening sequences such as introns may serve as targets of selection (so-called recombination "modifiers") that increase the frequency of recombination (Otto and Barton 1997) . This finding suggests that similar forces could operate in the honey bee genome even in the presence of an order of magnitude higher than rate of recombination.
In Drosophila and various other organisms, nucleotide diversity is reduced in regions of low recombination (Begun and Aquadro 1992; Nachman et al. 1998; Stephan and Langley 1998) . Positive selection for rare beneficial mutations resulting in genetic hitchhiking (Smith and Haigh 1974) or negative selection against frequent deleterious mutations causing background selection (Charlesworth et al. 1993) are both expected to reduce the level of linked, neutral polymorphism. These effects are expected to be more extreme in regions of reduced recombination. Although a positive trend exists among our surveyed loci, there is no significant correlation. This may be expected given that few loci from regions of very low recombination were included (these regions are also underrepresented in the genome sequence). Future work including more such regions may shed light on the influence of selection on linked neutral variation in a haplodiploid system.
A survey of genome-wide recombination rates in numerous multicellular social and nonsocial animals indicates (Supplemental Table 1 ) that the high recombination is not a general feature of the hymenopteran lineage as a whole or a result of its haplodiploid mode of reproduction. The bumble bee (Bombus) (Gadau et al. 2001 ) and the parasitic wasp (Nasonia) (Gadau et al. 1999) have very similar recombination rates as the D. melanogaster, human, and C. elegans (1-4 cM/Mb). The observation that the harvester ant (Pogonomyrmex), which is phylogenetically more distant to the bee complex (bumble bee, honey bee), has a genome-wide recombination rate of 14 cM/Mb (Sirviö et al. 2006) suggests that high recombination has evolved independently and more recently in ants and bees. This also excludes the possibility that breeding of bees (which is not strong in honey bees) has substantially influenced recombination rates (Burt and Bell 1987; Korol and Iliadi 1994) .
Taken together, these results suggest that the high recombination of the honey bee is a genome-wide phenomenon and cannot be explained by solely mechanistic reasons. The strong relationship of recombination rate to GC content and number of simple repeats is consistent with observations in lowrecombining genomes. Thus, these findings do not set the highrecombining bee genome apart from previous analyzed genomes. Over a wide range of taxa, a single crossover is sufficient to stabilize a bivalent, often two for metacentric chromosomes (Baker et al. 1976) . Many organisms show a total interference (a single crossover per arm) and display normal meiosis. The number of chiasmata in the bee is substantially above what is mechanistically required to stabilize chromosome pairs during meiosis. The idea that honey bee chromosomes are inherently more unstable (for unknown reasons), and are thus necessarily stabilized by more chiasmata per chromosome arm (or per unit of chromosome length), is not supported by our analysis. We find no relationship between recombination and chromosome length or the number of chromosome arms per chromosome (Table 2) .
To further complete our understanding of the high recombination rate, studies of nucleotide polymorphism on a more genome-wide scale and analysis of protein adaptation (Betancourt and Presgraves 2002) over shorter evolutionary distances (represented by closely related species) are necessary. These stud-ies could provide further evidence that the efficacy of selection is limited even in the presence of a high recombination rate. Recent advances in evolutionary theories on recombination have predicted that genetic drift is a key force that broadens conditions for the evolution of higher recombination (Otto and Lenormand 2002; Barton and Otto 2005) . Recombination improves the efficacy of selection in the presence of genetic drift. The magnitude of genetic drift is dependent on the effective size of a population. The honey bee has a small breeding population and an increased recombination rate, consistent with theoretical expectations. The number of colonies that contribute to the pool of males available to mate with honey bee queens is estimated to be no more than 238 (Baudry et al. 1998) , resulting in an estimated effective population size of ∼500. Even if the estimate does not represent the effective population size of the bee, but rather the size of the local population (deme), this would suggest a highly spatially structured population, which also influences recombination (Barton and Otto 2005) . Alternatively or in addition, selective forces could operate stronger under social complexity. Higher levels of genetic variation and genetic associations could slow the spread of parasites and pathogens in colonies or provide the basis for more task specialization, leading to an increase in colony performance and fitness (Gadau et al. 2000) . The large differences in recombination within the annotated and sequenced honey bee genome and across various related organisms represent splendid evolutionary examples to test theoretical predictions of the evolution of recombination rates.
Methods
Recombination rates
Each marker sequence was assigned to the sequence assembly version 2 that includes the fully annotated genome for gene parameter analysis (http://www.ncbi.nlm.nih.gov/genome/guide/ bee/). The derivatives of the three-to five-term polynomials describing the relationship between the genetic and physical maps of markers were estimated in 125-kb (n = 615) and 250-kb (n = 252) windows. The model of higher-order polynomials adjusts for local differences in recombination over several tens of kilobases of distance that characterize at least some parts of the honey bee genome (Beye et al. 1999) . When only two markers were anchored to the sequence (n = 53), a straight line was calculated. Plots combine genetic map distances of two revised maps, the "Solignac" and the "Hunt" map, on which the estimates were obtained. The "Solignac" genetic map is based on the analysis of microsatellite markers through 50-200 meioses from two queens (both hybrids between two honey bee subspecies). The orientation of the chromosomes (centromere to telomere region) was previously determined using half-tetrad analysis, made possible by the central fusion during meiosis of the lytokous workers of the Cape bees . We have used the map version Solignac_1700 (http://www.ncbi.nlm.nih.gov/ mapview/map_search.cgi?taxid=7460) recently extended to 2000 markers (4553 cM total map size). The average distance between two adjacent markers is 2.2 cM (CI: 0.55, 5.04); only 18 distances are longer than 10 cM, but they do not exceed 20 cM, most of them being within-not between-scaffolds. The maps were separately established for each queen, were both saturated, and provide the same general structure. This map was also used as an aid in assembling the genomic sequence into scaffolds. The "Hunt" linkage map is constructed using 1152 markers (4996 cM total map size), consisting of about two-thirds AFLP, one-third RAPD, plus 45 STS, and 48 microsatellite markers. MapManager-QTX software was initially used to make a preliminary linkage map and to test the quality of markers by testing for map expansion and scoring errors for each marker. JoinMap software was used to determine the final orders and distances of the markers because it uses multipoint linkage algorithms rather than twopoint algorithms. A total of 465 AFLP marker fragments were sequenced and verified as being correct if their linkage map position was congruent with the genome assembly. Results of a BLASTn search of the genome assembly were used to position markers in the assembly. In some cases, markers aligned with sequence scaffolds that had not been assembled into the 16 chromosomes. In these latter cases, marker clones were only confirmed as correct if markers that mapped close to each other on the linkage map hit the same sequence scaffold. Recombination rates for individual chromosomes were calculated by dividing the genetic length (cM) of the denser Solignac map by the sequence length (Mb) between the first and last marker placed on each chromosome. Recombination rates of D. melanogaster and C. elegans were obtained from 250-kb window analysis. Derivatives of the six-term polynomials (one for each chromosome) of genetic and physical map relationship were estimated in 250-kb windows. Original data sets were used (Marais et al. 2001; Hey and Kliman 2002) .
Chromosome and sequence parameters for 125-kb windows
For each window we calculated the proportional distance from the centromere region as defined by the "Solignac" map of the chromosome to the center of the window. The proportion of simple repeats (di-to pentameric and some hexameric repeats larger than 20 bp), G or C and low-complexity sequences (100-bp sequence that contains >87% AT or >89% GC or a 30-bp sequence that contains 29 A/T [or GC]) were calculated as the relative fraction of this sequence in the window by the program RepeatMasker (http://www.repeatmasker.org). As an estimator of gene divergence we used E-values resulting from a tBLASTx search of all Gnomon-predicted genes against the GenBank nr database (http://www.ncbi.nlm.nih.gov/genome/guide/bee/). The E-value gives an indication of the statistical significance of a given pairwise alignment. Hence, the higher the E-value, the less significant the hit, and the more diverged is the gene in question. The proportion of most diverged genes was obtained from the number of genes with a higher E-value than the 67th percentile of the genome-wide E-value distribution, divided by the total number of genes that were annotated in that window. The 67th percentile of gene annotations predicted by Gnomon was 3.5 ‫ן‬ 10 ‫32מ‬ (http://www.ncbi.nlm.nih.gov/genome/guide/bee/ AmeGnomon.html). Genes without any BLAST hits were included in this analysis and were assigned the value of 1. Distance between genes is the average distance between annotated genes (ab initio models) within each window. This estimate is based on distances between coding regions, as 5Ј and 3Ј untranslated regions are typically not included in the annotation process. The number of genes includes the number of genes within a window. Genes exceeding the size of the window were weighted as half a gene in the calculation. Average intron length was calculated for each window. Introns were taken from Genomon gene models from the NCBI bee map viewer Web site (Build 2.1) that are displayed as GenesOnSequence. Introns exceeding the size of windows were weighted as half an intron in the calculation. A rough estimate of the average exon length per window was obtained on the basis of intron length and the distances between genes. somes (haploid drones) from a population of Apis mellifera sampled in Davis, CA. In addition, sequences were amplified from a single Apis cerana chromosome as an outgroup. Oligonucleotides were designed to amplify intronic sequences (sequences of oligonucleotides are available online as Supplemental data). Introns were assigned to sequences that have, to the left and to the right end, an EST match of a single-sequence read (http://www.ncbi.nlm.nih.gov/genome/guide/bee/). In addition, these sequences were checked by bioinformatic tools to test whether an obvious open reading frame could be deduced. The DnaSP program version 4.0 (Rozas et al. 2003 ) was used for interand intraspecific analyses. Nucleotide diversity, , was estimated according to Watterson (1975) . Sequences were initially aligned using ClustalX (Thompson et al. 1997 ) and then manually edited by eye. Gaps were excluded from the analysis. Amplified fragments were resolved on 1.3% agarose gels, eluted, and cloned into the pGEM-T vector (Promega). Sequencing was performed by MWG Biotech AG (Ebersberg). Local recombination rates of the 250-kb windows were assigned to these loci to improve confidence intervals.
